Mathematical Theory and Modeling wWww.iiste.org
ISSN 2224-5804 (Paper) ISSN 2225-0522 (Online) " 's.i.l
Vol 8, No.7, 2018 IIS'E

Stability Analysis Using Nonstandard Finite Difference Method and
Model Simulation for Multi-Mutation and Drug Resistance with
Immune-Suppression

Houénafa Alain TOGBENON'" Guy Aymard DEGLA? Mark Eric KIMATHI®

'Department of Computational Mathematics,
Pan African University, Institute for Basic Sciences, Technology and Innovations (PAUISTI)
P.O. Box 62000-00200, Nairobi-Kenya
Tel: +254 796517224 / +229 96429067
*E-mail of the corresponding author: altogbe@gmail.com
’Institut de Mathématiques et de Sciences Physiques (IMSP), 01 BP 613 Porto-Novo, Benin.
University of Abomey-Calavi, Benin.
E-mail: gdegla@gmail.com
3School of Pure and Applied Sciences,
Machakos University (MKsU), P.O. Box136-90100, Machakos-Kenya
E-mail: memkimathi@gmail.com

Received: September 29, 2018; Revised: October 20, 2018; Published online: November 02, 2018.

Abstract

We introduced recently a model that takes into account multi-mutation and drug resistance of tumor cells in a case
of simple immune system and immune-suppression caused by the resistant tumor cells. The present study is to apply
the Nonstandard finite difference method to that model we recently developed in analyzing the stability of non-
tumor states to identify under which conditions tumor can be eliminated in the presence of both immunotherapy and
chemotherapy. Numerical simulations of the model in the presence of both immunotherapy and chemotherapy are
performed with the aid of MATLAB software using ode45 function and under different treatment strategies to
analyze the behavior of both the tumor and immune system cells. The findings of this study indicate that tumor cells
can be only eliminated under certain conditions, when a second specific chemotherapy drug that is only toxic to
resistant tumor cells is introduced. Moreover, it gives an insight into how tumor and immune system cells evolve
when the dynamical system conveys both inherent and drug-induced resistance with immune-suppression, in the
presence of both immunotherapy and chemotherapy. Treatment strategies effective are proposed in this case.

Keywords: Cancer modeling, Drug resistance, Mutation, Immune system, Immunotherapy,
Immune-Suppression, Chemotherapy, Nonstandard finite difference method / scheme.
AMS Subject Classifications: 37C75; 65L12; 92C37; 68U20.

1. Introduction

To improve the therapeutic approach according to the type and proliferation rate of tumor cells during cancer
treatment, many researchers and mathematicians such as Feizabadi & Witten [1, 3, 6], Kirschner & Panetta [4],
Feizabadi [2], and Kirschner & Tsygvintsev [5] introduced mathematical models to analyze the evolution of cells.
Feizabadi in [2] modeled multi-mutation and drug resistance and assessed the response of the time varying cell
population under various treatment strategies [23]. In [10], we added in the model of [2] the effect of a basic
immune system and the suppression of immunity caused by drug resistant tumor cells [24]. The model has been
analyzed mathematically and simulated numerically in the presence of only immunotherapy drug to determine its
effectiveness.

In this paper which is an extension of our previous work [10], we employ the Non-Standard Finite-Difference
(NSFD) method proposed by Mikens in [25] in our model to analyze the stability of non-tumor states in order to
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identify under which conditions tumor can be eliminated in the presence of both immunotherapy and chemotherapy.
Then, we simulate numerically the model in the presence of both immunotherapy and chemotherapy drug under
different treatment strategies to determine the behavior of both tumor and immune system cells [26]. Treatment
strategies effective are proposed for this purpose.

Introduced by Mickens around 1980, the nonstandard finite difference (NSFD)schemes is chosen for this study
because it preserves the important properties of differential equations [11, 27]. At the beginning, the general rules
for implementing these schemes were vaguely known [12, 28]. However, Mickens proposed some rules for
constructing nonstandard schemes for differential equations [13]. Used by many mathematicians such as R.
Anguelov et al [14]; D.T. Dimitrov et al [11]; G. Gabriellini [15]; S.M. Garba et al [16]; and M.E. Songolo [17];
nonstandard finite difference (NSFD) schemes have also a potential to preserve qualitative properties of the original
system and to avoid ghost solutions [17, 18-22, 29].

The following are the organization of the rest of the paper: Section 2 introduce our recent model constructed in [10].
In Section 3, we present the NSFD methodology. We construct a NSFD scheme for the model and present a
complete stability analysis of non-tumor states considering both immunotherapy and chemotherapy. In section 4, the
numerical simulations of the model are done for both immunotherapy and chemotherapy drug and under different
treatment strategies [30]. Section 5, presents the conclusion of the study.

2. Model of multi-mutation and drug resistance with immune-suppression caused by drug resistance
tumor cells

Drug-induced resistance is a significant challenge faced by scientists nowadays and is one of the major factors that
lead to failure of therapeutic treatment of cancer. During the division of tumor cells there is usually a change in
genetics of the cells whereby some cells exhibit inherent resistance to a certain chemotherapy drug. Additionally,
some other cells will possess a gene that can transform them into drug-induced resistant cells when the drug is
administered [31]. These multi-mutation and drug resistance were modeled by Feizabadi in [2]. In our previous
study [10], we extended the model constructed in [2] to include the effects of a basic immune system and of
immunity-suppression caused by drug resistant tumor cells. we first added the notion of immune system interaction
as stated by Kirschner & Panetta in [4] and of the immune-suppression established by Feizabadi & Witten in [1] to
the core model of Feizabadi in [2]. Then, we assumed that the immune system cannot distinguish between the
responsive and the resistance tumor cells, so it acts on all the tumor cells. But those cells that are resistant are not
affected by the action of the effector cells. That is, the effector cells affect only the drug-sensitive and the mutated
tumor cells, but not the resistant tumor cells. Thus, the immune-suppression factors were assumed to be the resistant
tumor cells. These resistant tumor cells attack the activated effector cells and lead to a reduction in population of
these effector cells which in turn result to a weakening of the immune system. Therefore, the treatment strategy will
be that of boosting the immunity (immunotherapy) [32]. It should be noted that elimination of tumor population by
chemotherapy drugs is dependent on the drug dosage [7, 8]. Also, these drugs are cytotoxic to the drug-sensitive
tumor cells, effector cells and the normal (body) cells [1]. So, in the presence of both immunotherapy and
chemotherapy drug, whereby the number of effector and drug-sensitive tumor cells is significantly reduced due to
chemotherapy, the dynamics of the tumor, normal and effector cells can be described as follows:
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(1)
Where T(t), T (t), Ty (t), N(t), E(t) and I(t) are the total number respectively at a time t; of wild tumor cells,
drug-resistant tumor cells, mutated tumor cells, normal cells, effector cells with the unit of cells and the
concentration of IL-2 [31, 33]. We assume that all of these tumor cells are growing under the logistic law. Also,
Ky; K7 ; Kjy and K are the carrying capacity of normal cells and the three types of tumor cells with the unit of cells.
The per capita growth rate for the drug-responsive tumor cells, mutated tumor cells, drug-resistant tumor cells, and
normal cells are expressed by rr; y; 17; Ty With the unit of (time™!) [1]. The T*is the critical size of the
collection of tumor cells with the unit of cells. The second term in the fourth equation represents the interaction
between tumor and normal cells. This interaction is chosen as a logistic growth function [1, 3]. In this term k with
the units of (time™1) represent the tumor-normal cell interaction rate. The term 7, T in first two equations expresses
the transition of wild tumor cells (responsive tumor cells) to intrinsically resistant tumor cells with a mutation rate of
7, (time™1). The term 7, T in the first and the third equations represents the transition of wild tumor cells to mutated
tumor cells with a mutation rate of 7, (time™1). The effector cells are stimulated to grow based on two terms: One
is a recruitment term c(T + Ty + T)) due to the direct presence of the tumor, where the parameter ¢ models the
antigenicity of the tumor. Antigenicity can be thought of as a measure of how different the tumor is from ’self” [31,
33, 34]. The second is due to the presence of IL-2 hormones and is given by the term pli. This is of Michaelis-
Menten form to indicate the saturated effects of immune o

response [34]. p,is the proliferation rate of immune cells and g, is the half-saturation for the proliferation term. To
express the natural death of effector cells, the term —u,E is added. In this term u, is the death rate of the immune

cells. The change in concentration of IL-2 is expressed as: % , which is the activation due to the presence
Of 3 R M

the tumor. In this term, p, is the production rate of the effector molecules and g5 is the half-saturation of production.
—usl, is the natural loss of IL-2 by the rate of —us. The infection of the effector cells by the resistant tumor cells
reduce the size of the populations of the effector cells. This is expressed as: —aETy with « the infection rate. The
loss of tumor cells, due to the immune-effector cells can be characterized with the Michaelis-Menten interaction

terms: ZlET on wild tumor cells [1] and 2222 on mutated tumor cells. Here, a; is the rate of clearance of wild tumor
cellsas”

9a+Tu

a result of these two populations and g, is the half-saturation for wild tumor cells clearance. a, is the rate of
clearance of mutated tumor cells as a result of these two populations and g, is the half-saturation for mutated tumor
cells clearance [32, 35]. As suggested by Gardner in [9] the drug interaction may be structured as a, (1 — e ¢)¢.
Here ¢ is the cell population number [36]. The parameter C is the concentration or amount of the drug at the tumor
site at a specific time with the unit (mg.m=2) [37]. M is associated to the drug pharmacokinetics and known as the
drug efficiency coefficient with the unit of (m?.mg~"). The coefficient ay when ¢ = N; T; T, and E with the
unit of (time™1) expresses the death rate induced by the administered chemotherapeutic drug [31]. The function
F(C) = az(1—e M) is the fraction cell kill for a given amount (concentration) of drug "C” [36]. Thus, the toxic
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effect of the administered drug, which leads to the reduction in populations of cells, has been expressed by ar(1 —
e M T on wild tumor cells, by ay(1—e ™¢)Non normal cells and by az(1 —e™)E on effector cells. The
interaction of the drug with the mutated tumor cells partially kills them and partially turns them into drug-resistant
tumor cells. The toxic effect of the drug on the mutated tumor cells has been expressed as ar, (1 — e ¢)Ty. The
term that expresses the conversion of mutated tumor cells to drug-resistant tumor cells has been expressed 7z (1 —
e~ MT,,. In this term t,,_, with the unit of (time™1) expresses the conversion rate from mutated tumor cells to
resistant tumor cells due to interaction with the drug [31]. Additionally, the immunotherapeutic agent is described by
the term agz(1 — e™9)E and it acts as an immune-boosting agent [32].

. ( T"'T”_T”j—(n )T — a1 ET —ar(l —e MO,
Kr a
T+Tr+Ty _ B - —MC ,
relr ( Kn j +nT+mmuosn(l—e 1T
T+ Tr+T; a2 ET; ) P v
rar T ( KRU M j + 7T — —2 Y;l.:; —ary, (1 —e MOTy — 1 r(l — e MO Ty
F(X)= \(l_i)-FL{T—FT T )(I_T+T;3—T.-u)_ﬂ (1 — e~MC) N (2)
K R M — T+ N S
C'IET +Tr +Thy) —paE+ ;llfi —aETp —agp(l — C_'.”{.'I:IE +app(l— C_'.”E::'EZ
p2E(T + T +Tu ) _ pal:
L ga+ (T +Tr+Tu)
A solution of (1) is a IX T
E?Ptc)nin X:teJcR— C}f = F(X): X(0)=X, = ('I}];'TR_J;T_.UU;_-\-"O;E(;:IU) , (3)

(T(6); Tr(6); Ty (©); N(£); E(2); 1(£))T € R®.
Let F: X € R® — F(X) € R® with

The system (1) becomes:

From the existence and uniqueness theorem, F is C* and then, first of all, there exists a solution of the initial value
problem (3) and, secondly, this is the only such solution. More precisely, there exists a unique global solution which

is non-negative whenever the initial — ay Ky (1 — e—_nm) conditions are non-negative.
Ng = Ay — ——

N
3. Stability Analysis of non-tumor states Using nonstandard finite difference schemes

In this section, assuming that the immunotherapy drug is constant, we set a; (1 — e ™¢)E = § with 8 a parameter.
The non-tumor state is the state defined by S* = (To*; Trys Thys Nos Egs 15) where all the tumor cells population are

Is)
po +ap(l—e MO

zero. i.e. S* = (0; 0; 0; N§; Eg; 0) with and E; =

This implies that all the tumor cells can be eliminated by the combination of chemotherapy and immunotherapy drug
if S* is stable. The stability analysis of this state is done in the absence and in the presence of a second specific
chemotherapy drug only toxic to Tx. Note that this second chemotherapy drug has been suggested by Feizabadi in

[2] and expressed by ar, (1 — e )T} on resistant tumor cells.
Combining these informations, the system (1) becomes:
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(4)

To procced, We First define the nonstandard finite difference scheme and present the rules of its construction as

Dae(Xk) = Fae(Xk) (5)

dX (tx)

where Dag(Xp) = dt

[11. 38, 39]).
proposed by Mickens in [13].

s Xk = X(tr), Fae(Xy) = F(Xy) and tp ~ to + kAT (see,

3.1. Nonstandard Finite difference Schemes

A numerical X... — X, Scheme with a step size At, that approximates the solution X(t) of
Da(Xy) = Akl T VAR ax _
an  autonomous HaelAk / system —= =
w(AL) at
F(X); X(ty) =X, where F is C! can be written in the form:

Definition.3.1[11, 28, 39, 40]: The scheme (5) is called a
nonstandard Fae(Xp) = g(Xi, Xiy1, At)  finite difference scheme if at least one of the following conditions
is satisfied:

1. where ¥ and ¢ are non- negative functions depending on the step-

size At and other parameters occurring in the differential equation, and, in addition, satisfies the
conditions: ¥ (At) = 1 + O(At) and @ (At) = At + O(At?)

2. where g is a nonlocal approximation of the right-hand side of the

system of the differential equation.
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Definition. 3.2[11, 38, 39]: The nonstandard finite difference scheme is called elementary stable, if, for any value of

the step size, its only fixed points are those of the original 1 _RAL
differential system, the linear stability properties of each Ay _ =~ where B* = AR
fixed points being the same for both the differential system ( IL) R here 1 mm{ ‘R“izl'z“"}
and af 1  thediscrete scheme.
R, =— and 0 < p(At) <
Iz |x_q R*

Note 3.1 ([13, 41, 42]): The functions ¥ and ¢ vary from one equation to another and no clear a priori set of
guidelines exist for determining them. However, in most applications, 1 is usually selected to be 1; and ¢ (called the

denominator function is determined in our case as follows:

with

Note also that nonstandard finite difference (NSFD) scheme are topologically equivalent to their original system
they approximate (for more details; see [14]).

Now, let present the rules for the construction of NSFD schemes as proposed by Mickens in [13] and considered by
[44].

Rule 1: The order of the discrete derivatives must be equal to the order of the corresponding derivatives of the
differential equations.

Rule 2: Denominator functions for the discrete derivatives must, in general, be expressed in terms of more
complicated functions of the step-sizes than those conventionally used.

Rule 3: Nonlinear terms should, in general, be modeled nonlocally. However, sometimes more general forms may
be required, such as u? = 2u? — u? — 2(u,)? — U1 Uy,

Rule 4: Special conditions that hold for the solutions of the differential equations should also hold for the solutions
of the finite difference scheme.

Rule 5: The finite difference equations should not have solutions that don’t correspond exactly to solutions of the
differential equations.

Definition. 3.3[13]: A nonstandard finite difference scheme is any discrete representation of a system of differential
equations that is constructed according to the above rules.

3.2. Stability Analysis of the Non-tumor state S* in the absence of a second specific chemotherapy drug
only toxic to Ty
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Based on the above definitions and rules, the NSFD scheme of (4) in the absence of the second specific
chemotherapy drug only toxic to Ty is given by:

In explicit form, we have:

Tn-l—i — ™ .
™+Tr+Tr atE"gy(At)’
R B e
Kr g +T"
it TR+ e (At) + 1y (1 - e MO)TE oo (A1)
L T+ T+ T |
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(6)
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With given initial conditions T'(0) = Ty, Tz(0) = Tg,, Ty (0) = Tp,, N(0) = Ny, E(0) = Ey,1(0) = I,
It is clear that the non-tumor state of (4) is exactly the non-tumor state of (7).

1 1
)\ - * 3 )\ - . / g
1 |-,,_ (= e P ~—MCN Gl&] ‘rjl(Af) - ?R&SQ(AT)
0 < o Atl) < — theql'?‘m?z{&f) > 1./2
A= - P ,
) } a /
1 + — Tpm + (i-]j”(_l — t“_‘MC) + Tg\,ir_>R(1 — t"_MC) + 2( O]le:Af)
94
1+ [ — 7y +an(1l - e—MC‘)] ea(At)
A= rvNE 7 = 9_(?W_a‘w(l_e_mc))m‘
{1 + ( —ry +ay(l —eMC) 4 R0 )Mm)]
I\N
1 1
A — . A =

- lng ap(l- e—”C’)] ps(ar) L THaesla

Theorem. 3.1: The non-tumor state S* is unstable for every value of At in the absence of the second specific
chemotherapy drug.

Proof. Linearizing the system (7) about the state S*, the eigenvalues of the corresponding Jacobian matrix is given
by:

Since Thus, the non-tumor state S* is unstable for every value of At in the absence of the second specific
chemotherapy drug.

1 — e~ }T'R—CLTR (1—e—MC2) |/_\t

P ———

pa(Al) =
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3.3. Stability Analysis of the Non-tumor state $* in the presence of a second specific chemotherapy drug
only toxic to T

The explicit form of the NSFD scheme of (4) is given by:
Where with given initial conditions

T(0) =To, Tr(0) = TRofTM(O) = TMo’N(O) = N, E(0) = E,,1(0) = I,

( A
t') EE; = ‘}—2 rp— T — Tg — (LT(]- — E—.—anl«fC)]

a1
i) ary (1 — e M) = g
) g4 — MG —MC
2

Theorem. 3.2: The non-tumor state S* is locally asymptotically stable for every value of At in the presence of the
second specific chemotherapy drug if the following conditions hold:

Remark 3.1: If one of conditions i), ii) and iii) fails, then S* is unstable.
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Proof. Linearizing the system (8) about the state S*, the eigenvalues of the corresponding Jacobian matrix is given
by:

It follows that the non-tumor state S* is locally asymptotically stable for every value of At in the presence of the

Th+l = -

T +TE 4+ TF E* oy (At
+1igp+ }u)(pl(_ﬁ”__“l p1(At)

1+tn+w-ﬂwwm3”*aﬂl—e““Mmﬂﬂ+ﬁ( K1 S TF

second specific chemotherapy drug if the conditions i), i) and iii) hold.
Theorem. 3.3: The non-tumor state S is globally asymptotically stable for every value of At in the presence of the

T;”—FTlT'I” Loo(At) + Ty—r(l — e ”L’}T” o9 (At)

.Tlg—] _ X
T+&+%)(ﬁ)

1 — rrpa(At) + ar, (1 — e M), (&t}—i—?g( T
R

second specific chemotherapy drug if the conditions i), ii) and iii) hold.

Proof. We must show that the sequence (T™, Tg, Ty, N™ E™, I™), converge to S* = (0;0;0; N*,E*, 0) for any
positive initial conditions when the conditions i), ii) and iii) hold for every value of At.

1
A= _ |
a
1+ [7'1 + T — T+ (J.T(l — G—MC) + M] i{x‘l(Atj
g2
1
A= |
L+ [t o (1= )40
1
A= ] |
a:
1+ [ — s+ ag, (1 — €M) + 7y (1 — e MC) 4 = (‘] w3(At)
Ga
I+ [ —ry+an(l — M(“)] J(AD)
A= v 5 = e—(r;\.— —ay(l—e _'U{_.)) &I,
7
ﬁn.
! 1
A= o

1+ pape(At)
1+ [,Uz +agp(l — (3_-'”(7)] ©5(At) + pape(At)

The state S* = (0;0; 0; N*, E*,0) is locally asymptotically stable for every value of At when the conditions i), ii)
and iii) hold. Now suppose that for a certain k > 0; (T* Tk Tk N* EK I¥) converge to

$*=(0;0;0; N*,E*,0) and show that (T**, TE+:, TR+ Nk+1 ER+1 1K1y converge also to
S*=(0;0;0; N*,E*,0).
(i) For Tk+1,

Then T*¥+1 — 0 when k — oo
(i) For T+,
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Then TA*1 — 0 when k — oo
(i) For T+,

pa ¥ (T* 4Tk +T* :
pz ( + i M }p{](ﬁf—) _I_ I’J" Then TA,/§+1 — 0whenk — o

g3 +(T* —-—Tj‘é +T_f1 )
1 + pzpe(At) (iv) For Nk

Ik_'_l _

Then N¥*1 — Ny — 0 when k — oo .Thus, N¥** — N§ when k — o
(v) For EX+1,

Then E¥** — E; — 0 when k — o .Thus, E¥*1 — E; when k — oo

(vi) For [¥+1,
k1
TM+ .: .
T;j! + ’TQTRJ'_I;p‘g(Af)

as B ps(At)

T+ TH+ Ty
1 + T M (7 (}4 + Tk

pa( AL
Ky )((3( )+

— rmp3(At) +ary, (1 — e MC)p5(At) + Tarsr(1 — e M) p3(Al)

NEHL _ Ny =
N* o L(Tk Tk 4 Tk _ TEyTE T — N TN NE il AL — rrrwoa( A+ an (]l — MCYya, (A
4 ( + I + ,IUJ 1 T N 1+ K wal "*} TN ‘:—74{ F') Q (l € }9’4( 'r'}
N
ry Nk ) MO
1+ X pa(AL) — rywa(AL) + apn (1 — e ME ey (AL)
N
Then I**1 — 0 when k — oo
Ek =1 _ Eﬁ —
o EF I o (At ) , )
o(T* + Tk + Th; )ps (At) + % + Bs(Ab) + E* — E; (l + 25 (At) + ap(1 — e~ MC)ps(At) + a’n‘;)

1+ paps(At) +ap(l — e MC)ps (At) + T}

Hence, the non-tumor state S* is globally asymptotically stable for every value of At in the presence of the second

specific chemotherapy drug when the conditions i), ii) and iii) hold.
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4. Numerical simulations under different therapeutic approaches
The numerical simulations of the model (1) is done in MATLAB using ode45 function. The parameter values used
for these simulations are given in Table 1.

4.1. Constant concentration of the chemotherapy drug (C = 0.2mg.m~?) and drug-induced resistance

Assumptions

e  The chemotherapy drug is administered at t = 600 days.
e  The mutation from the group of wild tumor cells T to the group of mutated tumor cells T, startsat t = 0

days.

e As the chemotherapy drug is introduced the conversion from the group of mutated tumor cells Ty, to the
group of resistant tumor cells Ty starts immediately (i.e. at t = 600 days). Thus, the immune-suppression
by the resistant tumor cells starts also immediately

Table I: Description of simulation parameters.

Parameters Units Description Estimated value Reference Source
Ty Day‘l Growth rate for wild tumor cells 0.15 [10]
R Day~ ! Growth rate for resistant tumor cells 0.015 [10]
iy, Day™! Growth rate for mutated tumor cells 0.1515 [10]
TN Day~*! Growth rate for the normal cells 0.5 [2]

KpiKpi Ky Ky Cells Carrying capacity of cells 10° 2]
1 Day~! Mutation rate 10~* 2]

P Day~ ! Mutation rate 107" [10]

aq Day~ ! rate of clearance of wild tumor cells 1.5 [10]

g2 Cells Half-saturation for wild tumor cells clearance 10° [1]

TM— R Day~ ! conversion rate 10~* 2]

a9 Day~ ! rate of clearance of mutated tumor cells 1.5 [10]

g4 Cells Half-saturation for mutated tumor cells clearance 10° [10]

k Day I tumor-normal cell mteration rate 0.028 [1]
T. Cells Critical size of tumor 3% 10° [2]

c Day~ ! Antigenicity 05 [10]
po Day™! Death rate of immune cells 0.003 [10]
13 Day~*! Death rate of IL-2 10 [1]
P Day~ ! Proliferation rate of immune cells 0.1245 (1]
g1 Cells Half-saturation for the proliferation 2% 10° [1]
P Day~ ! Production rate of L2 5 [1]

93 Cells Half-saturation of production 30 [1]

o Day™ I Effector-Resistant tumor cells interation rate 3% 1077 [1]
ap Day~! death rate induced by the chemotherapeutic drug on T 0.15 [2]

a1y Day~ ! death rate induced by the chemotherapeutic drug on Ty 0.10 Assumed

M m2.m g- I Pharmacokinetics parameter 1 2]
ay Day~1! death rate induced by the chemotherapeutic drug on N 0.05 Assumed
ap Day 1T death rate induced by the chemotherapeutic drug on E 0.05 Assumed

apR Day~1T Immune boosting rate induced by the immunotherapy drug 0.10 Assumed

i mg.m~ : Concentration of immunotherapy drug 0.2 Assumed
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Note that the interaction of the chemotherapy drug with the mutated tumor cells partially kills them and partially
turns them into drug-resistant tumor cells. Those that remain will grow and create new cells that carry the mutated
gene, which potentially can create drug-induced resistance.

From t 100 days to t = 500 days the tumor cells are controlled by the immune system. However, from
t = 550 days these tumor cells started to grow (see Fig. 1a and 1c). After the introduction of the chemotherapy
drug, the wild tumor cells T started to die out from the system. The mutated tumor cells T, are still in the system by
growing. They could be killed by the immune system, but due to the logistic grow of resistant tumor cells which is
suppressing the immune system from t = 600 days, they started to grow (see Fig. 1c and 1d). The evolution of
normal cells can be seen through the Fig. 1a.

4.2. Constant concentration of the chemotherapy and immunotherapy drug (€ = 0.2mg.m~% and

« 10% Fig. 1a Fig. 1b
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Fig. 1: Simulation results under the therapeutic approach 4.1.
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i = 0.2mg.m™2) and drug-induced resistance.

The assumptions made in the subsection 4.1 are also considered here. Moreover, the immunotherapy drug is
administered at t = 800 days.

The effectiveness of the immunotherapy drug can be seen with Fig. 2a and 2b. Indeed, the mutated tumor cells that
were still growing in the presence of the chemotherapy drug began to die out from t = 850 days after the
introduction of the immunotherapy drug at t = 800 days. Thus, this therapeutic approach is effective on sensitive
tumor cells.

4.3. Decreasing concentration of the chemotherapy drug (C(t) =0.2 x e 19t mg.m~2), drug-induced
resistance and constant concentration of the immunotherapy drug (i = 0.2 mg.m™=)

Fig. 2a Fig. 2b
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Fig. 2: Simulation results under the therapeutic approach 4.2.

The assumptions made in the subsection 4.1 are also considered here. However, the concentration of the
chemotherapy drug decreases exponentially over time. The immunotherapy drug is administered at t = 800 days.
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Fig. 3: Simulation results under the therapeutic approach 4.3.

The results of the simulations 3a and 3b are almost similar to those obtained in the therapeutic approach 4.2. All the
sensitive tumor cells disappear from the system at the end of the simulation time. However, resistant tumor cells
grow more slowly in Fig. 3b than in Fig. 2b. This is due to the decrease in the concentration of the
chemotherapeutic drug used.

4.4, Decreasing concentration of the chemotherapy drug (C(t) =0.2 xe‘1°_3‘mg.m‘2) and both
intrinsic and drug-induced resistance.

Assumptions

e  The mutation from the group of wild tumor cells T to the group of resistant tumor cells T, startsat t = 0
day.

e  The mutation from the group of wild tumor cells T to the group of mutated tumor cells T, startsat t = 0
day.

e The chemotherapy drug is administered at t = 650 days. So, the conversion from the group of mutated
tumor cells Ty, to the group of resistant tumor cells Ty starts immediately (i.e. att = 650 days).

As suggested in [2], We introduce in addition a second chemotherapy drug considered constant over time with a
higher

dosage (aTR (1 — e MC2)T, with ar, = 0.15 and C, = 0.6 mg.m'z) that is specifically toxic to drug resistant
tumor cells (see Fig. 4c and 4d). This drug is introduced at t = 850 days.
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Fig. 4: Simulation results under the therapeutic approach 4.4.

Since the resistant tumor cells started to grow, the immune-suppression also started at the beginning of the
simulation time. However, the immune system was able to fight the mutated tumor cells. But the wild tumor cells
are growing as well and become detectable around ¢t = 550 days to the point where the chemotherapy drug
administered at t = 650 days was not able to fight the wild tumor cells (see Fig. 4a and 4b). Through Fig. 4c and
4d, the second chemotherapy drug administered at ¢t = 850 days kill the resistant tumor cells and from that
moment the immune system was able to fight the wild tumor cells. It can be concluded that the combination of these
two chemotherapies drug is more successful therapeutic approach to control all types of tumor cells.

4.5. Increasing concentration of the chemotherapy drug (C(t) =1-—e107% mg.m‘z) and both intrinsic
and drug-induced resistance.

The assumptions made in the subsection 4.4 are also considered here. However, the concentration of the
chemotherapy drug increases from 0 to 1 over time.

Also, we introduce in addition a second chemotherapy drug considered constant over time with a higher dosage

92


http://www.iiste.org/

Mathematical Theory and Modeling www.iiste.org
ISSN 2224-5804 (Paper) ISSN 2225-0522 (Online) '-'s.i.l
Vol 8, No.7, 2018 IIS'E

(ar (1 — e ™%)T, with ar, = 0.15 and C, = 0.6 mg.m™2) that is only toxic to drug resistant tumor cells
specifically (see Fig. 5¢ and 5d). This drug is introduced at t = 850 days.
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Fig. 5: Simulation results under the therapeutic approach 4.5.

Contrary to the simulation results in Fig. 4a and 4b, here the wild tumor cells disappear from the system at the end
of the simulation time. This is due to the increase in the concentration of the chemotherapy drug administered from
t = 650 days (see Fig. 5a and 5b). Fig. 5c and 5d show that the second chemotherapy drug administered at
t = 850 days Kill the resistant tumor cells. It can be also concluded that the combination of these two
chemotherapies drug is more successful therapeutic approach to control all types of tumor cells.

5. Conclusion

In this study, a nonstandard finite difference scheme for our previous multi-mutation and drug resistance model was
constructed to analyze the stability of non-tumor state in the presence of both immunotherapy and chemotherapy.
Conditions under which tumor can be eliminated was identified. Numerical simulations of the model in the presence
of both immunotherapy and chemotherapy and under different treatment strategies was performed with the aid of
MATLAB software using ode45 function. Two different treatment strategies were proposed when the dynamical
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system expresses intrinsic and drug-induced resistance with immune-suppression. The non-tumor state is stable (i.e.
tumor can be eliminated) under conditions in the presence of both immunotherapy and chemotherapy when a second
specific chemotherapy drug only toxic to resistant tumor cells (T) is introduced. It can be seen through numerical
simulations that the treatment strategies in section 4.4 and 4.5 could be the more successful therapeutic approach to
control both the progression of cancer as well as the existing resistance. Some open concerns include whether
mutations, the conversion and the infection occur at a constant rate or whether the rates may be affected by the
immunotherapy drug and the chemotherapy drug.
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